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ABSTRACT ARTICLE HISTORY
Triboelectric nanogenerator (TENG) is a new type of device that can convert mechanical energy in Received 18 November 2021
the environment into electrical energy. Since its wide range of energy sources, high energy conver- KEYWORDS

sion efficiency and wide application range, it has become a hot spot in the energy field. However,
the shortcomings of the high internal resistance, the low output current and power density have
seriously affected the further applications of TENGs. This review is aimed to introduce the recent
advanced methods and applications of controlling the interface contact electrification of TENGs, and
identify and discuss the key issues that deserve additional studies.

Triboelectric nanogenerators;
contact electrification;
energy harvesting; dielectric
property; triboelectric
polarity

IMPACT STATEMENT
This paper delineates the advanced methods and applications of enhancing the electrical output of
TENG and looks forward to the application prospects of TENG in other fields.

1. Introduction and the neutralization method. On the other hand, the

technology of using static electricity has also produced
many meaningful applications, such as electrospinning,

Triboelectricity is also called contact electrification,
which means that when two different substances come

into contact, the charge will move from one side to the
other [1-4]. Since its inherent characteristics of caus-
ing extremely high voltages, it is considered a nega-
tive effect, causing accidents or discomfort. In daily life
activities, triboelectricity will induce a voltage as high
as 35,000 V [5-7], and the electric sparks generated by
electrostatic discharge will cause unpredictable losses in
the industry, medical industry and electronics industry
[8-10]. Researchers have developed related technologies
to eliminate triboelectricity, which can be summarized as
three methods: reducing the generation of triboelectric
charge, increasing the dissipation of triboelectric charge

electrostatic printing and triboelectric nanogenerators
(TENGs) [11-14].

By changing the way of thinking, TENGs invented by
Zhonglin (ZL) Wang and others can use triboelectric-
ity for energy harvesting [15]. The TENG is a device
that can use frictional energy to collect and convert
static electricity generated by friction into electric energy
[16-20]. It can be used as an energy source, or combin-
ing this part of the electric current with microelectron-
ics to produce miniature electronic systems promote the
miniaturization and portability of electronic technology.
As a device for collecting triboelectricity, the TENG’s
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output largely depends on the number of electrostatic
charges generated by triboelectricity [20-22]. When two
different materials come into contact due to external
mechanical energy, the frictional electrification on the
surface of each material will generate static charges. If
the additional mechanical energy to separate the mate-
rials has been considered, a potential will be generated
between the static charges, and the charge on the con-
ductive material will move from one side to the other.
It’s worth noting that the charge transfer between them is
not immediately reversible, which means that the excess
charge on one side is left behind, while the other side
has insufficient charge [23-27]. However, TENG’s low
current characteristics make it unsuitable for powering
storage devices. In addition to the advantages of high
output power of TENG, TENG also has advantages in
selecting feasible materials, because frictional charging
occurs in almost all material combinations: solid-solid,
solid-liquid, solid-gas and liquid—gas [28-32]. Thanks
to these efforts and the aforementioned benefits, TENG
has proven its potential to provide higher output power
in the coming era of the Internet of Things. On the other
hand, the current feasible application areas of TENGs are
also rapidly expanding. In addition to wearable devices,
implantable TENG is also being studied as a human-
machine interface device. In addition, according to recent
research, other mechanical energy sources, such as sound
and magnetic fields, can also be harvested. Judging from
these research results, the commercialization of TENG is
likely to be completed in the near future [33-36].

The main problem that TENGs face in the actual appli-
cation process is low power density, which is determined
by the characteristics of TENGs themselves [37-39]. The
reasons which TENGs can continuously supply power
to the equipment is due to the storage of triboelectric
charges and the generation of induced charges. However,
since the moment the triboelectric charge is generated,
it has been continuously dissipated into the environ-
ment, which reduces the amount of triboelectric charge
stored on the surface of the tribolayers [40]. As a result,
the number of induced charges on the back electrode is
reduced, which ultimately affects the electrical output.
According to reports, the surface triboelectric charge of
the PDMS film with a surface potential of 40 V after con-
tact electrification will dissipate to the initial state within
2 min [41]. It is a very serious problem, which deter-
mines whether TENGs can be used as a stable power
supply module for equipment. On the other hand, the
small capacitance of the tribolayer materials will also
reduce the storage of triboelectric charges on the surface.
Therefore, how to improve the contact electrification and
storage performances of the tribolayers is very worthy of
discussion.

In this review, as illustrated in Figure 1, the focus is pri-
marily on recent advances in the methods of increasing
electrical output of TENGs, including surface engineer-
ing, functional group modification or compounding of
extreme electrode materials to improve the ability of tri-
bolayer to gain/loss electrons, and improving the storage
performance through chemical modification, the dop-
ing of dielectric materials or the introduction of storage
intermediate-layer, then regulate the contact electrifica-
tion of the friction interface. Subsequently, the applica-
tions of TENGs in energy harvesting, sensors, medicine,
industry and other fields are introduced. Coinciding with
the global pandemic of COVID-19, we look forward to
the application of TENGs in flexible wearable devices,
especially the potential application value of sensors such
as body temperature and blood oxygen.

2. Influencing factors of interface contact
electrification

2.1. Triboelectric polarity

There are many kinds of materials used as tribolayers,
including polymers, metals and inorganic materials. The
most commonly used materials are dielectric polymers
such as PTFE, FEP, PDMS and Kapton. Green materials
(such as cellulose-based materials) have recently received
more and more attention, and the performance of TENG
using cellulose materials has also been improved [42-46].
The choice of material is very important for TENG,
because the triboelectric effect of the material is the
basis of TENG. To design TENG for a specific appli-
cation, several parameters need to be considered, such
as power density, stability, flexibility and sustainability
[47-51]. Since the triboelectric polarity of each material
is determined, so, it is very important to choose the right
tribolayer materials. It is precise because the triboelectric
polarity of each material is inherent, it can be decided
to choose the appropriate materials to assemble TENG
[52-56]. According to related reports, the triboelectric
sequence of typical materials is shown in Figure 2. It
can be seen from the figure that fluoropolymers (such as
PTFE, polyvinylidene fluoride and polyimide and poly-
dimethylsiloxane) are on the tribo-negative side and are
more likely to be negatively charged. Nylon 11, Nylon 6,
silk, aluminum foil and other materials are all on the pos-
itively charged side of the friction, which is more likely
to become positively charged when rubbed against other
materials [57]. Therefore, in the early research on TENG,
tribolayer materials are mainly concentrated in the two
extremes shown in the figure below. With the deepen-
ing of research, tribolayer materials are no longer limited



MATER.RES.LETT. (&) 99

Figure 1. Anillustration to show the outline of this review paper, covering various TENG device models, methods of increasing electrical

output and applications of TENGs.

to simple materials, but begin to develop into composite
materials.

The compounding/doping of materials has a great
influence on the contact electrification performance of
the polymer. For example, a cost-effective TENG that
uses polyvinylidene fluoride (PVDF) and microstructure
polyvinyl alcohol (MS@PVA) polymers as the triboelec-
tric materials for the anode and cathode polarization was
prepared [58], as shown in Figure 3(a). The PVDF film
and its highly electroactive b-phase developed through
a simple and cost-effective ultrasonic treatment process
can be used to enhance the electric dipole-dipole interac-
tion in the film and lead to an increase in its piezoelectric
coefficient. In addition, the PVA film is produced by a
simple curing method, and the microstructure on its sur-
face is only developed by the corresponding reverse pat-
tern on the commercially available sandpaper. The result-
ing TENG with PVDF and MS@PVA polymers showed
the maximum peak-to-peak open-circuit voltage, short-
circuit current and instantaneous output power density

values, respectively, 230 V, 6 pA and 3.1 W/m?. Ulti-
mately, the high electrical output produced by TENG is
used to drive portable electronic devices such as displays
and light-emitting diodes.

In addition to the combination of materials, resear-
chers are also actively looking for new triboelectrode
materials to achieve greater electrical output perfor-
mance of TENG. On this basis, some special materi-
als were found, such as animal fur [59]. As shown in
Figure 3(b), an ultra-durable, low-wear TENG that uses
animal fur as a triboelectric material for effective energy
harvesting was developed. Due to its elasticity and soft-
ness, animal fur can maintain close contact and low
friction with other tribolayer materials during long-term
operation, thereby ensuring high output performance
and low wear. By systematically measuring the output
performance of the brush TENG (FB-TENG) in conven-
tional rotating motions under various torque levels, the
author discussed the influence of environmental humid-
ity, material types and structural parameters. Even if the
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Figure 2. Triboelectric series for some common materials [57].

relative humidity is greatly increased from 40% to 90%,
the performance of FB-TENG is almost unaffected by
changes in humidity. A pair of meshing gears is also intro-
duced to double the relative speed between the rotor and
the stator to further increase the output power. Then,
use the optimized FB-TENG to collect wind and water
energy at different wind speeds and flows. Finally, by
collecting energy from wind and water, a self-powered
automatic irrigation, weather monitoring and wireless
early warning system was constructed, demonstrating the

1
-20 -40 -60 -80 -100 -120 -140

TECD (uC m™)

potential applications of FB-TENG in agricultural big
data and the ‘Internet of Things’.

While seeking the large electrical output of TENG,
researchers are also exploring green and degradable
materials as the tribolayer of TENG to prepare true
‘clean energy’ collection devices. As shown in Figure 3(c),
the manufacture of high-conductivity ferroelectric cel-
lulose composite paper and demonstrated their suc-
cessful application in realizing large-area paper-based
TENG with enhanced electrical output performance was
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Figure 3. (a) Design of the PVDF and MS@PVA films-based TENG device [58]. (b) Application of fur materials in TENG [59]. (c) Schematic
illustration of the fabrication of highly conductive ferroelectric BC composite paper [60].

reported [60]. Cellulose-based composite paper contains
silver (Ag) nanowires (NW) and BaTiO3; (BTO) NP in
a bacterial cellulose (BC) matrix. Due to the percola-
tion network of Ag NWs, it can be used not only as
a positive triboelectric layer but also as a bottom elec-
trode without integrating other electrodes. In addition,
the ferroelectric properties derived from BTO NP facil-
itate charge transfer between the paper surface and the
negative triboelectric layer, thereby achieving enhanced

electrical output performance. Under the compression
force of 5 kg, the output voltage and current of BC-TENG
reached ~ 170 V and 9.8 uA, respectively, and the opti-
mized output power density was A 180 uW cm 2, which
exceeded the previous report, cellulose-based TENG.
The author also demonstrated a large-area BC-TENG,
which can directly operate a circuit containing 200 light-
emitting diodes (LEDs) connected in series without the
need for energy storage units. The results show that
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multifunctional cellulose-based paper has great poten-
tial in the manufacture of large-scale high-performance
TENG devices.

2.2. Charge-storage property

In addition to the triboelectric polarity of the material,
another internal factor that affects the contact charg-
ing behavior is the charge-storage capacity of the tri-
bolayer materials. The difference between the charge-
storage and triboelectric polarity of polymer materials is
that the electrical property reflects the ability of the mate-
rial to gain/loss electrons, while the charge-storage is a
manifestation of the ability to capture and store charges
[61-65]. TENG is an energy supply device with large
voltage and small current, which determines that the
electrical energy it generates is difficult to store [66-71].
However, the charge generated by friction can be tem-
porarily stored in the surface (2 um) of the bribolayer.
These trapped charges will cause the back electrode to
induce more charges, which are then converted into elec-
trical output [72-76]. Therefore, the electrical storage
behavior of the material has a great influence on the
electrical output of TENG. Generally speaking, the stor-
age capacity of polymer materials depends on dielectric
properties and capacitance. The greater the dielectric
constant, the greater the capacitance, and the stronger
the storage capacity of the material [77-82]. For exam-
ple, as shown in Figure 4(a), TENG was prepared using
an electret composite film with adjustable dielectric con-
stant [83]. The composite film is composed of a thermo-
plastic polyurethane (TPU) matrix, polyethylene glycol
(PEG) additives and polytetrafluoroethylene nanopar-
ticles (PTFE-NPs) composition. By adjusting the PEG
content, at a frequency of 100 Hz, the relative dielec-
tric constant of the TPU matrix can be increased from
3.8 (PEG content is 0%) to 22.0 (PEG content is 20%).
The results show that the increase in dielectric constant
improves the injected charge density and internal capaci-
tance of TENG, thereby increasing the output power and
reducing the matching impedance. After systematically
studying the influence of PEG content, the optimized
TENG can increase the short-circuit current and output
power by 7.5 and 17.3 times, respectively, and reduce the
matching impedance by 90%.

In addition to the influence of dielectric constant
and capacitance, the doping of some nanomaterials with
excellent charge trapping capabilities will also increase
the charge storage capability of the friction layer. Com-
mon energy-storage materials include graphene, MXene
and so on. Due to the existence of the interlayer voids of
the 2D material of the sheet, the carriers are easily cap-
tured and stored. Furthermore, the excellent conductivity

of the 2D material makes it easier for the trapped charges
to be transferred to the surface of the friction layer and
converted into electrical output, which reduces the inter-
nal resistance of the material and further increases the
electrical output performance of TENG. As shown in
Figure 4(b), graphene-based TENGs (G-TENGs) based
on 1L, 2L, 3L, 4L, and few-layer graphene grown on
Cu and Ni foils using chemical vapor deposition (CVD)
have been fabricated, and their output voltage and out-
put current density were measured under mechanical
strains [84]. The 1L-G-TENG exhibited a high output
voltage and output current density of 5 V and 500 nA
cm?, respectively. Additionally, the output voltage and
output current density increased to 9 V and 1.2 A cm?,
respectively, for the regularly stacked few-layer G-TENG.
The ability of dielectric materials to store charges is not
only reflected in the normal environment, but also in
some extreme conditions such as high humidity envi-
ronments. As shown in Figure 4(c), Compared with PP-
based TENG, PVA-based TENG has greater electrical
output performance in high humidity environments. In
addition to the fact that PVA is rich in hydroxyl groups,
it can form hydrogen bonds with water molecules in
high humidity environments to fix water molecules to
participate in triboelectricity. Another important reason
is that PVA has better charge retention ability in high
humidity environments. Reduce the dissipation of tri-
boelectric charge to the environment. The results show
that the current output of the PP- and PVA-based TENG
both dropped to a stable value after 80 min at 35% RH,
and the reduction rates were 26.5% and 21%. At 95%
RH, the current output of the PP-based TENG decayed
from 2.1 to 0.7 pA within 20 min with a reduction rate
of 67%. However, the current output of the PVA-based
TENG decayed to a stable value (35.1 pA) after 80 min
with a reduction rate of 18%. These results show that
PVA has a good charge retention ability under high envi-
ronment, which effectively slows down the decay rate of
triboelectricity [85].

2.3. Environmental factor

In addition to internal factors, external environmental
factors such as temperature, humidity and atmosphere
will also affect the electrical output of TENG [86-92].
For example, a new method to quantitatively study the
relationship between real-time charge transfer and tem-
perature in contact electrification through TENGs was
reported [74], which indicates that electron transfer is
the main process of contact electrification between two
inorganic solids, as shown in Figure 5(a). At different
high temperatures, the evolution of surface charge den-
sity with time is consistent with the electron thermionic
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grams of device fabrication and compatibility of graphene with an arbitrary substrate (i-iv), the device was neutral when no force was
applied (v), and output voltage and current density from a Cu foil-grown 1L GTNG and randomly stacked 2L-, 3L-, and 4L-G-TENGs under
a vertical compressive force of 1 kgf [82]. (c) Schematic diagram of TENG structure (i) and comparison of charge dissipation between PP

and PVA-based TENG under different humidity [83].

emission theory of friction pairs composed of Ti-SiO;
and Ti-Al,Os. In addition, it was found that there is a
potential barrier on the surface, which can prevent the
charge generated by contact electrification from flowing
back into the solid that escapes from the surface after
contact. This points out that the charge generated in con-
tact electrification is easily kept at room temperature for
several hours as the main reason why the electrostatic
charge is retained by the material. In addition, based
on the electron emission-based charge transfer mech-
anism, an electron-cloud-potential well model is pro-
posed, which can generally be used to explain all types of
contact electrification in conventional materials. In addi-
tion, AC-TENG and DC-TENG were used as test tools
to systematically study the influence of various atmo-
spheres on contact charging and electrostatic breakdown,

as shown in Figure 5(b). The author theoretically ana-
lyzed the breakdown voltage of three common gases (air,
O3, N3) and the output charge density of AC-TENG and
DC-TENG in the three gas environments, and proposed
strategies to improve the output performance of TENGs
[93]. The experiment confirmed the improvement of the
charging of the oxygen contact with AC-TENG, and the
obvious enhancement of the electrostatic breakdown in
the oxygen with DC-TENG. The oxygen atmosphere is
a good working atmosphere for DC-TENG. For practi-
cal applications, the author further manufactured a self-
made high-performance DC-TENG stand-alone device
in an oxygen atmosphere, and achieved a great increase
in output power density. In addition to temperature
and atmosphere, humidity also has a serious impact on
the electrical output of TENG. Humidity will severely
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Photographic images of the (i) nonpouch- and (i) pouch-type DD-TENG devices. Measured (iii) VOC and (iv) current curves of the pouch-
type DD-TENG device under the relative humidity of 35%, which is observed in a normal room environment. (v) Photographic images
and (vi) measured Voltage curves of the pouch-type DD-TENG device under various relative humidity conditions ranging from 47% to

81% [92].

accelerate the generation and dissipation of triboelectric-
ity on the surface, so the design of anti-humidity TENG is
of great significance to extend the application of TENG. a
bag-type TENG was prepared to significantly reduce the
influence of relative humidity on its electrical output, and
to obtain stable performance in a humid environment, as
shown in Figure 5(c). First use nano-architecture poly-
dimethylsiloxane (NA-PDMS) and multi-walled carbon
nanotube/nylon composite layer as triboelectric materi-
als with negative and positive trends to develop TENG
(DD) based on dielectrics and dielectric materials). The
NA-PDMS and nylon composite layer plays a key role
in increasing the surface contact area and surface charge
density between the dielectric/triboelectric materials and
the output performance of DD-TENG. However, DD-
TENG devices have stable and high output performance,
and the effective output power density is about 25.35 W

m~2. In addition, even if the relative humidity increases
from 35% to 81%, the performance of the bag-type DD-
TENG device is almost unaffected, while for non-bag-
type devices, it drops significantly [94].

2.4. Others

In addition to the above-mentioned internal factors and
environmental factors that affect the contact charging of
the tribolayer, the surface structure [95-98] and rough-
ness of the friction layer [99-103] will also affect the con-
tact charging performance. Generally speaking, a mate-
rial with a microstructure on the surface has a larger
contact area during contact electrification, so the sur-
face charge density is greater. Similarly, the greater the
roughness of the interface, the stronger the contact charg-
ing performance. In the process of contact charging, the



movement conditions and methods of the friction pair,
such as impact force, contact area, movement speed, fre-
quency, etc., will also affect the value of triboelectric-
ity [104-108]. Under the same control conditions, the
greater the impact force, the greater the contact area, the
faster the movement speed, and the higher the frequency,
the greater the electrical output of TENG. Furthermore,
the structural design and drive mode of TENG will also
affect the size of the electrical output [109-113].

3. Control methods of interface contact
electrification

3.1. Improving triboelectric polarity

Since the energy generation in TENGs originates from
the coupling effect of contact electrification and electro-
static induction, improving the contact charge generation
on the dissimilar materials during the electrification pro-
cess should be the intuitive and most effective approach
to boost the energy output [114-120]. As mentioned
above, the main influencing factors of contact electri-
fication are the electrical polarity and storage proper-
ties of the materials. Therefore, increasing the electri-
cal polarity (electropositivity or electronegativity) of the
tribolayer, or increasing the storage capacity of the tri-
boelectric charge of the polymer material, can improve
the contact electrification performance, thereby improv-
ing the electrical output performance of TENGs. There
are many ways to improve triboelectric polarity, and the
most commonly used method is surface engineering. By
introducing functional groups that are easier to gain or
lose electrons during contact electrification, it will be eas-
ier to generate triboelectric charge during electrification,
which will directly increase the electrical output perfor-
mance of TENGs [121-126]. Generally speaking, accord-
ing to the difficulty of gaining and losing electrons of
the functional groups introduced on the polymer surface,
these functional groups are divided into two categories,
namely, positive functional groups (strong electron loss
ability, positive after contact charging) and electroneg-
ative [127-129]. The introduction of electronegative
functional groups such as hydroxyl, aminomethoxy, etc.
will make the tribolayer generate more positive charges
(holes), while the introduction of electronegative func-
tional groups such as carbonyl groups and halogens will
make the tribolayer more negative charges (electrons)
[130-133]. As shown in Figure 6(a), two types of self-
assembled monolayers thiols and silanes have been uti-
lized to modify the surfaces of conductive and insulating
materials, respectively [122]. As a result, the triboelectric
charges generated from the contact-electrification with
a perfluorinated material fluorinated ethylene propylene
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(FEP) was improved effectively. By using different thiol
molecules, the influence of head groups on the sur-
face potential was systematically studied using scanning
Kelvin probe microscopy (SKPM), which is in accor-
dance with the influence on the surface charge den-
sity obtained from TENGs output. It can be found that
amine (NH3) is the most triboelectrically-positive func-
tional group that brings the largest enhancement to the
generated charge density, while halogens (such as Cl)
are the most triboelectrically-negative ones. The amine-
functionalized surface is shown to be chemically stable
during both a long period (over 90 days) and a huge
number of continuous operating cycles (over 100,000) to
generate a similar triboelectric charge density.

In addition, to more intuitively prove the influence
of the introduction of functional groups on contact
charging, the microscopic surface potential of the mod-
ified polymer was tested to pass KPFM, as shown in
Figure 6(b). The control of triboelectric charge den-
sity was studied with chemically tailored molecular
surface modification, 3-aminopropyltriethoxysilane, 3-
mercaptopropyltriethoxysilane, 3-cyanopropyltriethoxy-
silane, triethoxy-1 H,1H, 2H, 2H-tridecafluoro-n-octyls-
ilane (PFOTES), N-Methylaminopropyltrimethoxysilane
(NMAPS) and (N, N-dimethylaminopropyl) trimethoxy-
silane (NNMAPS) were selected to tailor the surface of
cellulose nanofibrils (CNFs) [128]. Kelvin probe force
microscopy (KPFM) was used to measure the surface
potential of CNFs before and after modification, that is
to clarify the control of the triboelectric charge density of
the materials by chemical customization from a micro-
scopic point of view. The charge density of the CNFs was
weakened by introducing electron-withdrawing groups,
while the charge density was enhanced by introducing
electron-donating groups. In addition, the number and
density of functional groups were tailored on the surface
of CNFs, and the range of charge density was adjusted
more specifically. The introduction of functional groups
can increase the power output of TENG by increasing the
ability of the friction layer to gain/loss electrons during
contact electrification. The increase in electrical storage
is also an important factor. The introduction of certain
functional groups such as amino groups can increase the
dielectric constant and capacitance of the material, and
improve the storage of triboelectric charges in the friction
layer, as shown in Figure 6(c). The polyethylene tereph-
thalate (PET) film has been modified by B-cyclodextrin
to the surface through molecular self-assembly to intro-
duce amidogen groups. The amidogen groups on the sur-
face of the PET film can form hydrogen bonds with water
molecules in the environment, making water molecules
participate in triboelectricity as a more positive material,
which will increase the electrical output of PET-based
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Figure 6. (a) Self-assembly surface functionalization for SiO; as the tri

boelectric layer in TENG to enhance the output performance [120].

(b) Molecular models with different amounts of -NH; present (n1 < ny < n3)[132].(c) The influence of the introduction of amino groups
through molecular self-assembly on the dielectric and storage properties of PET films [133]. (d) Synthesis and plausible mechanism of
allicin grafting onto nanocellulose fiber, IR and comparison of the triboelectric output current (Isc) between various TENGs made of

pristine cellulose, CNF-SH and Alc-S5-CNF film [128].

TENG in high-humidity environment. The results show
that the circuit current (Isc) of the TENG increases by
3.3 times when the humidity increases from 15% to
95%. Moreover, the dielectric property of the PET film
increases due to the introduction of amino groups in -
cyclodextrin, which causes the Isc of TENG to increase
by 3.7 times at 15% RH [134].

With the deepening of research, more and more func-
tional groups are attempted to be modified on the sur-
face of the polymer to prove the influence of the elec-
tronic effects on the contact electrification. Prior to this,
the most studied functional groups were those con-
taining oxygen, carbon, nitrogen and halogen, and the
influence of the introduction of sulfur-containing func-
tional groups on the electrical output of TENG has not
been exploited. As shown in Figure 6(d), the researchers
demonstrated for the first time the influence of the
introduction of sulfur-containing functional groups on
the contact electrification of the tribolayer. Allicin was

grafted onto CNF using a thiol-ene click chemistry. It
has been observed that after allicin modification, the
CNF film became mechanically and thermally robust.
The peak output voltage and current reached to 7.9 V
and 5.13 pA, when modified film was used in a TENG,
which was ~ 6.5 times greater than the pristine cellulose-
based TENG (1.23 V, 0.80 pA). Because of higher surface
polarity, electron donating capacity and surface rough-
ness of the modified film, the current density and power
density increased from 0.2 to 1.28 A/cm? and 0.25 to
10.13 W/cm?, i.e. 6 and 41 times greater respectively,
than the pristine cellulose TENG. Such large electrical
enhancements surpasseed many recent reports on cel-
lulose TENG. Furthermore, the allicin grafted TENG
showed outstanding stability against humidity, long-term
cyclic load and environmental aging [135].

Since contact electrification mainly occurs on the sur-
face of the polymer, surface molecular assembly is the
most direct and effective way to introduce functional



groups. However, the functional groups introduced by
molecular assembly usually have the disadvantage of
weak bonding, making the surface charge density of the
tribolayer during contact electrification become unsta-
ble, which seriously affects the electrical output of TENG
[136-138]. Although the chemical modification method
will reduce the number of functional groups involved in
contact electrification on the surface of the tribolayer,
this method also has its unique advantages. First of all,
the chemical grafting method usually improves the crys-
tallinity of the polymer, which will make the hydroxyl and
amino groups involved in the formation of intermolecu-
lar hydrogen bonds in the polymer leak to the maximum
extent at the contact interface, directly increasing the
electrical resistance of the friction layer [139, 140]. Sec-
ond, chemical modification occurs on the surface and
inside of the material at the same time. The functional
groups grafted on the surface can determine the electri-
cal polarity of the material, while the internal functional
groups will affect the electrical storage and electron trans-
fer of the material, which will indirectly affect the con-
tact electrification performance of the tribolayer [123,
141]. Last but not least, the chemically grafted functional
groups are very strong compared to molecular assembly,
which makes the contact electrification properties of the
modified polymer stable [142-144].

Similar to the electronic effect of the functional
group introduced by molecular assembly on the con-
tact charging performance of the polymer, the func-
tional group with the electron-withdrawing effect will
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make the modified polymer gain more negative charge
during the triboelectric process, and have the electron-
donating effect. Effective functional groups will allow
the polymer to acquire more positive charges. Whether
the polymer gets more negative charge or more pos-
itive charge, the electrical output of TENG will be
greatly improved. Polyethyleneimine (PEI) is a highly
branched polymer rich in amino groups. As an excel-
lent electron-withdrawing group, the amino can be used
to improve the triboelectricity of polymers. As shown in
Figures 7(a and b), the uniformly sized Ag nanoparti-
cles are prepared by the polyol method and uniformly
coated on the surface of the CNF-PEI film [145]. Con-
sequently, a higher triboelectric positive polarity and
a nanometer-scale surface are achieved; these signifi-
cantly enhance the triboelectric output of TENG. The
results show that the open-circuit voltage of the modi-
fied CNF film-based TENG is increased from 68 to 100
V, and the short-circuit current is increased from 0.6
to 1.1 pA. In addition, the introduction of functional
groups with special functionalization can improve the
hydrophilicity/hydrophobicity of the material, which can
significantly improve the electrical output performance
of TENG in a high-humidity environment. As shown
in Figure 7(c), chemical functionalization is employed
to control the surface polarizability and hydrophobic-
ity of cellulose nanofibrils (CNFs) [140]. Functional
groups on the CNF surface are modified with triethoxy-
1H,1H,2H,2H-tridecafluoro-n-octylsilane (PFOTES) in
a straightforward and facile process. Fluorine-bearing
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Figure 7. (a) Real diagram and FE-SEM topography of CNF film before and after modification, peak distribution spectrum of C element
in CNF film and peak distribution spectrum of C element in modified CNF film [143]. (b) Influence mechanism of output performance,
open-circuit voltage, short-circuit current and output charge of the CNF-based TENG before and after modification. (c) Preparation of the
PFOTES-CNF film (i), short-circuit current (i) and open circuit voltage under different RH (iii) [144].
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silane chains are grafted to the surface of CNFs, which
increases their triboelectric charge density and improves
their hydrophobicity. Experimental results demonstrate
that the surface polarity of CNFs is greatly improved after
PFOTES modification. The PFOTES-CNF-based TENG
exhibits good resistance to humidity and long-term cycle
stability, and it retains 70% of the initial output perfor-
mance at 70% ambient humidity. The short-circuit cur-
rent of the PFOTES-CNF-based TENG reached 9.3 pA,
which is about twice that of CNF-based TENG before
modification.

The third method to increase the contact charging per-
formance of the friction layer is to compound/dope mate-
rials with stronger electronegativity or electronegativity
than the substrate. Generally speaking, materials with
extreme frictional electrical polarity have strong ability
to gain/loss electrons and electricity storage [146-151],
so the composite film will inherit the excellent con-
tact charging performance of the compound material,
especially for polymers with poor contact electrification
properties. Furthermore, the combination of polymers
can improve the mechanical properties of the substrate,
making the modified polymer more suitable for the tribo-
layer of TENGs [144, 152-156]. For example, a polymer
electrolyte starch-based bio-TENG was fabricated using
a low-cost processing method (Figures 8a and b). The
films were electrically characterized at distinct loads, fre-
quencies, thicknesses. Moreover, the starch polymer with
CaCl, was complexed to increase the triboelectrifying
capacity and performance [99]. Starch films at 0.5% of
salt concentration reached the highest voltage output (1.2
V), exceeding threefold the initial output of the non-
complexed pristine biopolymer (0.4 V). Furthermore, the
electrical output performance varies positively at both
thinner film thicknesses and elevated loads while mois-
ture of films has been proved to be a critical parameter in
the electrical performance of TENGs, showing that well-
dried films performed a higher electrical output than
moist samples. Furthermore, despite crack generation
after fatigue, starch electrolyte films of TENGs showed an
inalterable electrical performance suitable for a bunch of
applications.

The tribolayer obtained by the compound modifica-
tion of polymer materials may derive many interesting
applications, such as degradable TENGs. As shown in
Figures 8(c and d), a promising polymer blend (noted
as PLA/PLGA), consisted from seawater-degradation-
favorable poly (lactic-co-glycolic acid) (PLGA) and
nonseawater-degradable polylatic acid (PLA), shows a
mild rate degradation in seawater and complete weight
loss within 9 months [157]. Furthermore, the PLA/PLGA
is found to be tribo-positive with excellent electrifi-
cation properties and is mechanically robust. Then, a

hollow-plate-shaped seawater degradable TENG (SD-
TENG) is designed using PLA/PLGA as the electrifi-
cation layer and Mg as the electrode, which demon-
strates the ability to convert water wave vibration energy
into electricity. In addition to the compounding between
polymers, doped nanoparticles can also improve the elec-
trical polarity of the friction layer, thereby improving
the contact electrification performance. As shown in Fig-
ures 8(e and f), black phosphorus encapsulated with
hydrophobic cellulose oleoyl ester nanoparticles serves as
a synergetic electron-trapping coating, rendering a textile
nanogenerator with long-term reliability and high tri-
boelectricity regardless of various extreme deformations,
severe washing, and extended environmental exposure
[158]. Considerably high output (~250 880 V, ~0.48
1.1 A cm?) can be attained upon touching by hand
with a small force (~5 N) and low frequency (~4
Hz), which can power light-emitting diodes and a digi-
tal watch. This conformable all-textile-nanogenerator is
incorporable onto cloths/skin to capture the low output
of 60 V from subtle involuntary friction with skin, well
suited for user motion or daily operations.

In addition, some special methods can also achieve
the purpose of regulating the triboelectricity of the poly-
mer surface. Friction is a complex process of physical
change. Therefore, various energy transfers occur during
this process. The nature of triboelectricity is part of the
transfer of many electrons in the friction process. From
the energy point of view, friction is considered to be the
process of transforming the kinetic energy of the fric-
tion pair into other forms of friction. Energy obtained
by various means, including the excitation of phonons,
photons and electrons. Theoretically, by controlling the
energy and electron transfer in the friction process, the
contact electrification can be adjusted. In addition to
generating triboelectricity, other energy may also be gen-
erated during contact charging, such as friction light,
friction heat, and chemical reactions. Therefore, by con-
trolling the release of these energies, the mutual con-
version between triboelectricity and light, heat or other
energy is theoretically possible. On this basis, the con-
cept of triboelectric control can be realized through the
energy transfer and transformation in the friction pro-
cess. As shown in Figures 9(a—c), a new method to control
the release of triboelectric charges on polymer surfaces by
interconversion between triboelectricity and mechanolu-
minescence (ML) has been proposed. In this method, the
tribocharges are mitigated when ML is generated in the
presence of a mediator, i.e. ZnS:Mn. Meanwhile, the pres-
ence of tribocharges increases ML intensity [159]. Results
show that when 10% ZnS:Mn is added and ML is gener-
ated, the current and voltage of ZnS:Mn@PDMS-based
TENG are reduced by 96.4% and 94.9%, respectively.
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fabrics.

Meanwhile, when a charge of 11 nC is present on the
surface of the film, the ML intensity increases by 84%
compared with the uncharged film. Furthermore, based
on the results of density functional theory calculations,
triboelectrons on the polymer surface can easily enter the

crystal lattice of ZnS to participate in ML, and the injec-
tion of electrons remarkably increases the ML intensity
of ZnS:Mn.

In addition to using the photoelectric conversion in
the friction process to adjust the triboelectric charge on
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the polymer surface, external stimulation can also be
used to adjust the triboelectric charge on the polymer
surface. Based on the triboelectric electron transfer the-
ory and thermionic emission theory, after friction, the
triboelectric charge on the polymer surface can be neu-
tralized by the electrons generated by infrared thermal
excitation. Since the thermally excited electrons are gen-
erated instantaneously, the charge on the polymer sur-
face will be quickly neutralized. In addition, thermally
excited electrons can control the potential of the poly-
mer surface. For example, for electropositive polymers,
thermally excited electrons will neutralize the positive
charge on the surface to achieve the purpose of anti-
static; for electronegative polymers, thermally excited
electrons will increase the surface potential, making the
electric-negative property of the polymer enhancement.
For example, the near-infrared (NIR) irradiation will

cause the thermo electron emission of Fe3Oy, thereby
changing the charge amount on the PDMS surface (Fig-
ures 9d-f). Results show that the surface potential of
Fe304@PDMS is reduced by 76.8% after NIR excita-
tion when the PDMS surface is positively charged. In
addition, the surface potential increases by 42.9% when
the surface of Fe3Oy is negatively charged, showing the
opposite trend. Moreover, the friction coefficient of the
polymer can be adjusted by modifying the surface tri-
boelectricity to change its motion state [41]. In addi-
tion, by chemically polymerizing molecules with dif-
ferent electron gain/loss tendencies or physically spray-
ing polymer coatings with different triboelectric prop-
erties, the distribution of triboelectricity on the poly-
mer surface can be effectively controlled. As shown
in Figures 9(g-i), a general toolbox was reported for
designing antistatic coatings by leveraging on chemically



heterogeneous components with electron-donating and
electron-accepting functions, i.e. N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane and 1H, 1H, 2H, 2H-
perfluorooctyl trimethoxysilane, to molecularly engineer
the surface potential to achieve an electrostatic homo-
geneity [160].

3.2. Improving charge-storage polarity

Another common method to control interface contact
electrification is to increase the charge storage perfor-
mance of the tribolayer. In the previous discussion, we
mentioned that the mutual compounding of polymer
materials can effectively improve the electron gain/loss
ability of the friction layer; at the same time, the polymer
with higher triboelectricity has excellent charge storage
capacity can also improve the charge-storage property to
a certain extent. Doping/compounding dielectric mate-
rials are the most direct and effective way to improve
the storage performance of the tribolayer. In particu-
lar, lamellar 2D materials such as graphene, MXene and
other common energy storage materials have become the
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first choice for improving the electrical storage perfor-
mance of the friction layer due to the excellent charge
trapping ability between the layers and the ultra-high
capacitance. As shown in Figures 10(a and b), crumpled
graphene (CG) layers and silicone films have been used
to develop a smaller TENG with a better output perfor-
mance [161]. Owing to the stretchability of silicone and
the unique structure of CG with continuously undulat-
ing 3D surfaces, the TENG could be operated in com-
pressive, stretching, and hybridized modes, respectively.
Intriguingly, it can generate higher output voltages with
smaller areas, which is particularly suitable to develop
smaller and more powerful TENG devices. In the tradi-
tional compressive mode, its output voltage is larger than
that of the TENG composed of planar graphene (PG) lay-
ers in the control experiment by one magnitude. At the
stretching mode, the TENG is capable of withstanding a
maximum strain as large as 200% without evident degra-
dation of the electrical properties. In addition, based on
the superior stretchability of the device, it could be con-
formably attached to human skins to monitor the joint
motions of fingers and wrists. In addition to increasing
the charge storage performance of the friction layer to

b :
3 cm?
12
6 cm?
. p
B
g s 6
3 H
> 3
0
o L
0 0= 08 198 5 3 4 8 12
Planar Separation Distance (mm) Time (s)
— = 100%
15
— = 150% —
1 o’ < ——s,=100%
ool o S 200%
S ——, = 200%
S 10 == 250% “‘\«\0 310 -
3 s 3
4 8 §os
> °
of  hkke H
£00
10 20 10° 10' 10° _ 10° 10" 10° 10° 10°
Time (s) Resistance (Q)
b)
d ;
[ 5
-2 w
£
=0
3
S -2
o o
B b=
=
2 £
3 g
3
06 -04 -02 O 0.2 0.5 -0.25 o 0.25
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
T 780 mF cm' —e) 450
2 T 5
S R —
S 4 . 600 't ~120 N
8% g B
3,2 2.1 mF Tex' oS S % 3
B w2 R 2)
SE | «— £ F 60 ;
=1 T E Jr8aem
= 200 ©
g 1 E=% 30 2
5 o & T o2 8 4
1 100 %

120 150
1

10 30 60 90
Scan Rate (mV s'') Re(2) (Q cm™)

Figure 10. (a) Fabrication of stretchable TENG devices [160]. (b) Output performance of TENGs with different crumple degrees. (c) Prepa-
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increase the electrical output of TENG, the introduction
of two-dimensional inorganic materials such as graphene
can also improve the mechanical strength and tribologi-
cal properties of the polymer, making the friction layer
material more suitable for real working conditions.

MZXene is another commonly used filler to increase the
storage capacity of the tribolayer. Similar to graphene, the
lamellar structure allows it to effectively capture and store
charges. More importantly, both graphene and MXene
are nanomaterials with excellent conductivity, which can
be used to prepare highly conductive yarns, which have
great application potential in the field of flexible elec-
tronics. By coating cellulose yarns with Ti3C, Ty MXene,
highly conductive and electroactive yarns are produced,
which can be knitted into textiles using an industrial
knitting machine (Figure 9c). It is shown that yarns
with MXene loading of 77 wt% (~2.2 mg cm™!) have
conductivity of up to 440 S cm—! (Figure 9d). After
washing for 45 cycles at temperatures ranging from 30
to 80°C, MXene-coated cotton yarns exhibit a minimal
increase in resistance while maintaining constant MXene
loading [162].

The method of introducing functional groups on the
surface and inside of the tribolayer by means of sur-
face molecular assembly or chemical grafting can also
increase the electricity storage capacity of the polymer.
As shown above, the main effect of the introduction of
functional groups is to improve the ability of the tri-
bolayer to gain/loss electrons. In fact, in many cases,
changes in the electrical polarity and storage properties
of polymers often occur at the same time, that is, while
the ability to gain or lose electrons increases, charges
are simultaneously captured and stored on the surface
of the polymer. Different from the electrical storage
mechanism of doped dielectric materials or 2D materi-
als, the mechanism of improving the electrical storage
capacity of polymers modified by introducing functional
groups is the increase in dielectric properties or capac-
itance, which makes more triboelectric charge storage.
Furthermore, chemical modification has stronger chem-
ical bonds than doped/compounded dielectric materials,
which can ensure that the electrical output of TENG is
more stable during actual work. As mentioned above, by
introducing a black phosphorus layer and a hydrophobic
cellulose oleoyl ester nanoparticles (HCOENPs) coating
ona PET fabric, a TENG with an improved output perfor-
mance has been developed. However, a great amount of
modifier is typically required to alter the tribopolarity of
commercial fabrics, and the stability of the modified fab-
ric would be a major concern that was not investigated
in detail in previous works, which is the main difference
between physical doping and chemical modification. So,
how to create tough chemical linkages between pristine

fabric fibers and triboelectric modifiers and generate a
hierarchical topography on the fiber surface without sac-
rificing long-term stability are grand challenges for fur-
ther improving the output performance of fabric-based
TENGs. As shown in Figures 11(a and b), chemically
grafting poly (ether imide) (PEI) with cellulose nanofib-
rils (CNFs) significantly improved the tribopositivity of
CNF since amide bonds are electron-donating groups
that are easy to be positively charged. CNTs and branched
PEI was used to achieve simultaneous manipulation of
the surface topography and surface chemical composi-
tion of a typical commercial velvet fabric [163]. With a
very low optimized modifier content (less than 1 wt%),
the modified velvet fabric could generate a 16.3 V voltage
when paired with pristine velvet, which was improved by
23.3 times. When paired with PTFE, a high voltage of 119
V and a current of 12.6 pA were reached. A power den-
sityof 3.2 W/ m? was achieved on a 5 106 2 resistor, which
allows the fabric-based TENG to be able to power various
electronics.

Similar to chemical modification, the introduction of
macromolecular groups into the surface of the polymer
by means of surface molecular assembly can also signifi-
cantly improve the dielectric or capacitance of the tribo-
layer, thereby improving the contact electrification per-
formance. Commonly used molecular assembly mate-
rials are macromolecules containing oxygen, nitrogen,
sulfur or fluorine groups. Generally speaking, the intro-
duction of oxygen and nitrogen-containing groups can
not only significantly increase the electrical positiveness
of the material but also significantly improve the storage
capacity. In addition to increasing the electronegativity
of the tribolayer, the introduction of fluorine-containing
groups can also significantly improve the hydrophobic
properties of the material surface, which will be more
conducive to the enhancement of the electrical output of
solid-liquid TENG (not discussed in detail in this arti-
cle). As shown in Figures 10(c and d), TENGs based on
biodegradable plant leaf and leaf powder is fabricated
through a simple and cost-effective method. The short-
circuit current (Isc) and output voltage (Vo) of fresh leaf
canreach 15 pA and 430 V. Dry leaf is grinded into pow-
der to make solve problem of frangibility when contact
and make full use of the leaf [164]. Poly-L-Lysine is used
to modify leaf powder and enhance the output perfor-
mance of leaf powder-based TENG. After surface modifi-
cation, the Isc and Vo can reach high as 60 uA and 1000V,
respectively, which can easily power a commercial elec-
tric watch and 868 LEDs. To extend the drive mode,
wind-driven TENG (WTENG) based on PLL modified
leaf powder is designed for harvesting wind energy and
the maximum Isc can reach 150 pA under 7 m/s wind
speed.
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Figure 11. (a) Schematic of the grafting mechanism of CNT—COOH and PEl, and illustration modification process of the velvet fabric
using CNT and PEI [162]. (b) Output voltage results of TENGs assembled using different modified fabrics as electropositive layer. (c) The
schematic illustration of the fabrication process of leaf and leaf powder-based TENGs [163]. (d) Schematic illustration of the PLL modify
process on dry leaf and leaf powder and output performance of leaf and leaf powder-based TENGs before and after PLL modification.

As mentioned above, when preparing the friction layer
of TENG with leaves, polyimide (PI) is needed as the
middle layer of the electrode. Indeed, PI is a dielectric
material with excellent charge storage capabilities. At a
frequency of 1000 HZ, the dielectric constant of PI is
4.0, but the dielectric loss is only 0.004-0.007, indicating
that more charge is stored rather than dissipated to the
environment. Different from the mechanism mentioned
above by mixing 2D materials and chemical/physical
methods to introduce functional groups to increase the
electric storage capacity of the friction layer, the mech-
anism of PI as an intermediate layer to improve the
electric storage capacity is the contact electrification of
the friction layer. In the coupling process of the induc-
tion electrification of the back electrode, the PI inter-
mediate layer relies on its excellent storage capacity to
increase the amount of charge of the induction elec-
trification of the back electrode, thereby increasing the
electrical output of the TENG. In other words, the ability
to gain/loss electrons and storage capacity of the friction
layer is not directly enhanced, but the transition through
the intermediate layer, the induced charge is amplified,
thereby improving the electrical output of the entire
TENG.

The research mentioned in Figure 12 is a typical rep-
resentative work of PI as an intermediate transition layer
to increase the electrical output of TENG [99]. A new
structured TENG was designed by adding a transition
layer between the friction layer and the conducting layer,
which could significantly improve the output perfor-
mance by one order of magnitude. The material of transi-
tion layer, such as polyimide, has high ability to store the
triboelectrification charges, resulting in more induced
charges and higher external current. After adding a poly-
imide charge storage layer with a thickness of 25 pm,
the short-circuit current and output voltage of polyvinyli-
dene fluoride (PVDF) and nylon (NY) based TENG (Cu-
PIPVDF@NY-Cu) increased from 9.2 pA to 65 pA, and
110 to 1010 V, respectively. The maximum charge density
can reach approximately 105 pC/m? with the maximum
value of the output power of 5.87 mW under 4 MQ
loading resistance, which can instantaneous light up 992
commercial LEDs and charge a capacitor with the speed
increased by 10 times. Moreover, the mechanism and
influence factors including the surface structure, com-
position and thickness of the charge-keeping layer to
enhance the output of TENGs were discussed in detail.
The charge decay tests of the transition layers showed that
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Figure 12. (a) Schematic illustration of fabrication processes of triboelectric nanogenerator without and with PI as transition layer. (b,
¢) Short-circuit current (Isc) and output voltage (Vo) performance of TENGs with and without Pl as charge. (d, ) Output performance
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PVDF-PI [155].

Table 1. Summary of different methods on the charge density of TENGs.

Improving triboelectric polarity

Improving charge-storage polarity

Methods Molecular assembly Chemical grafting Combination Doping Modification Transition layer
Charge density (before) 9.1 10.1 6.1 1.4 4.1 11.8
Charge density (after) 19.2 uC/m? 20.3 pC/m? 12.6 uC/m? 50 uC/m? 21.4 uC/m? 105 pC/m?
Ref. [132] [144] [156] [81] [162] [155]

polyimide layer has very good charge keeping ability with
a decay rate of only about 20% in 4 h, while the charge of
PVDF decreases about 97% in 4 h, which is a key factor
for its lower output.

Subsequently, different methods used to increase the
output of TENGs in recent years were compared, as
shown in Table 1. The results show that any method is
of great help to the electrical output of TENG. There is
no distinction between these methods because they have
their advantages and disadvantages. For example, after
adding PI storage layer, the electrical output of TENG
will increase, but the flexibility and transparency will
decrease. Meanwhile, the bonding force between the lay-
ers of this method is weaker due to the van der Waals
force compared with the chemical modification method.
We should decide which method to choose to increase
the electrical output of TENG based on the actual
situation.

4. Applications of TENGs

Asasmart device, TENGs, using the coupling effect of the
well-known contact charging and electrostatic induction
to transform environmental energy into electrical energy,
for instance, water wave energy, wind energy, mechani-
cal energy generated through body movement and some
other mechanical movements [165-170]. Furthermore,
TENGs have also exhibited promising potential applica-
tions as a power supply to drive some small electronic
products, and also shown great potential in sensors, light-
ing, anticorrosion and some other fields [29, 171-174].
The most common application of TENGs is as an energy
harvesting device to power small devices such as com-
mercial light-emitting diodes, electronic watches, and
wireless transmitters (Figure 13). Also, as a power mod-
ule, the main difference between TENGs and batteries is
that TENGs are self-powered components, which essen-
tially convert mechanical energy in the environment into
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electrical energy, achieving the purpose of continuous
power supply and clean energy [175-177]. In the actual
application process, TENG has a variety of driving meth-
ods. For example, the driving of TENG attached to the
sole is based on the contact-separation between the sole
and the ground; the coated electrode applied on the wall
can be rubbed by hand. Achieve single-electrode TENG
driving; TENG sewn on clothes can be powered by TENG
through the friction between the sleeve and the elec-
trode; the friction layer can be contacted and separated
by wind blowing to generate triboelectricity; the ship can
be driven by waves hitting the hull Anti-corrosion coat-
ing TENG; the beating of raindrops can realize the drive
of solid-liquid TENG and so on [7,178-180]. All driv-
ing methods have a common feature: the friction layers
must meet the contact and separation at the same time,
which is a necessary condition for TENG to generate
triboelectricity.

Based on this, the application range of TENG has
been unlimitedly expanded. Therefore, in addition to
energy harvesting, flexible electronics has become a new
hot spot in TENG applications. As a flexible wearable
self-powered energy module, TENG can power small

sensors to replace traditional batteries. Moreover, the
special tribolayer materials of TENGs can also rely on
changes in temperature, humidity, atmosphere or pres-
sure to achieve self-powered sensing. In the medical field,
the application of TENGs is also ubiquitous [181-183].
For example, based on PVA’s excellent charge storage
capacity and combined water molecules to participate in
contact charging to increase triboelectric performance in
a high-humidity environment, PVA is electrospun to pre-
pare the electrostatic adsorption layer of medical masks
that has self-charging performance and stronger electro-
static adsorption capacity, which has great application
value during the virus pandemic period. In addition,
TENG attached to the back can monitor various postural
changes of the human body and has potential applica-
tions in medical rehabilitation; flexible TENG attached
to the skin can monitor changes in blood oxygen and
body temperature, which is of great significance in the
detection of new coronaviruses.

Under actual working conditions, the wear problem
of the tribolayer of TENG is unavoidable. Abrasion will
directly cause the decrease or instability of the electri-
cal output of TENG, and even damage the device. In
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addition, the metal friction layer will also face problems
such as corrosion and pollution. Therefore, the coating
TENG came into being. Coating TENG is committed to
solving the problems of wear, corrosion and pollution
of the friction layer while enhancing the electrical out-
put. The materials used to prepare the coating TENG
are mostly resin polymers, such as epoxy resin, pheno-
lic resin, methyl acrylate, etc., which have strong elec-
tronegativity and are ideal electronegative tribolayer in
solid-liquid TENG [184, 185]. For example, fluorine-
containing macromolecules are introduced into acrylic
resin to increase the electronegativity of the material, and
then the modified resin is coated on the hull of a model
cruise ship. This packaged organic coating triboelectric
nanogenerator provides good stability and high-output
performance, which can easily light several commercial
LEDs on a model ship by collecting the wave energy dur-
ing the voyage. This new type of triboelectric nanogen-
erator based on the coating material has the advantages
of simple process, low cost and large-area preparation,
which combines the performance of the coating itself

Thermoelectric generator

with the power generation function, and have potential
promising practical applications in ocean energy col-
lection and utilization, self-powered sensing, and other
fields [186-190]. In the field of anti-corrosion, TENGs
can effectively protect the cathode (metallic material)
from salt water corrosion. In the self-powered anticorro-
sion system, a capacitor was introduced to stabilize the
voltage and storage the charges during the TENG’s recip-
rocating running process. The TENG was connected to
a rectifier to convert the alternating-current (AC) to
direct-current (DC), which is essential for cathodic pro-
tection [191-193]. Although the short-circuit current is
not direct-current, the current is still in one direction,
which is probably able to prevent iron from corrosion
through cathodic protection system.

In addition to the conventional applications men-
tioned above, TENG also has potential applications
in other fields, such as methane mitigation thermo-
electric generators and magneto-mechano-triboelectric
nanogenerators (MMTENG)[194-199]. As shown in
Figure 14, a thermoelectric (TE) module is a solid-state
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Figure 14. Applications of TENGs in thermoelectric generators and magneto-mechano-triboelectric nanogenerators.



device that can transform the temperature difference
between the two sides of the module into an electrical
potential difference by means of the see beck effect. TE
modules are noiseless and have good reliability. Though
currently commercialized TE modules have relatively low
efficiency, a thermoelectric generator (TEG) compris-
ing TE modules and heat exchangers has been consis-
tently considered as an alternative for waste heat recovery,
where efficiency is less important. The methane mitiga-
tion thermoelectric generators have been fabricated by
employing a magnet-attached cantilever structure and
triboelectric materials to initially transduce an AC mag-
netic field into mechanical oscillations by magnetic force,
which is subsequently converted to electricity by the tri-
boelectric effect. With the advent of magneto-mechano-
triboelectric conversion, lighting up a biomedical f-pLED
under an ambient magnetic field could be beneficial to
realize battery-free phototherapeutic devices.

With the unremitting efforts of researchers, the appli-
cation fields of TENGs have been continuously expanded,
and the intersection between disciplines has provided
unlimited possibilities for the future development of
TENG applications. We believe that with the deepening
of research, more meaningful applications of TENGs will
be reported, and we will wait and see.

5. Conclusion and future perspective

In this paper, we primarily reviewed the recent advances
in TENG’s interface contact electrification influencing
factors, control methods and applications. We first cov-
ered the details of the factors that affect charge density
of the polymer contact electrification process, includ-
ing internal factors (triboelectric polarity, storage per-
formance) and external factors (environmental factors).
Then, we introduced how to increase the friction layer’s
ability to gain/loss electrons and increase the friction
layer’s charge storage capacity by improving the tribo-
electricity of the polymer to increase and control the
contact charging performance of the friction layer of
TENG. Finally, we introduced the application of TENG
in energy harvesting, sensing, medicine, coating, anti-
corrosion and other fields.

In view of the difficulties faced in the development of
TENG, we think there are three directions for TENG’s
future development. First of all, TENG is an energy
supply device with high voltage but low current, which
causes it to only supply power for some small devices
at present, which severely limits practical applications.
Although there are many meaningful works to solve the
problem of small current breakthroughs that have been
made, but the current known electrical output of TENG
still has not exceeded the ampere (A) level. To realize
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the real industrialization of TENG, how to achieve the
balance between voltage and current still needs to be
solved urgently. Second, how to realize the energy stor-
age of TENG is also an obstacle in the development of
TENG. At present, to realize TENG as a self-powered
energy module, it is necessary to maintain the contin-
uous contact-separation state of the friction layer. Once
the contact or separation stops, TENG will stop working.
Therefore, how to realize the storage of triboelectricity in
the moving state and supply power to the equipment in
the static state is also a problem that needs to be solved
in the future development of TENG. Last but not least,
‘blue energy’, the collection of ocean energy, will be an
important way out for TENG’s large-scale application in
the future. On this basis, combining TENG with anti-
corrosion and anti-fouling coatings may be a feasible way
for the development of TENG in the future.
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